A highly, active in vitro system for the translation of globin mRNA, resulting in more than 10 rounds of translation, is described. The reconstituted system consists of native small ribosomal subunits of rabbit reticulocytes (as a source of initiation factors as well as small ribosomal subunits), large subunits derived from rat liver polysomes by the puromycin-KCI procedure, and a pH 5 fraction obtained from a Krebs ascites cell high speed supernatant. In this system no differences were found between globin messenger ribonucleoprotein and globin mRNA.
The special role which native ribosomal subunits play in the initiation of polypeptide synthesis in vitro was first recognized by Bishop (1) . He showed that native ribosomal subunits present in reticulocyte lysates enhance the capacity of isolated reticulocyte polysomes to initiate globin chain synthesis. Subsequently it was shown that native subunits isolated from Escherichia coli were more active in viral RNA-dependent polypeptide synthesis than the 70S monomeric ribosomes, and that the high activity of the native ribosomal subunits was due to the localization of initiation factors on the small subunits (2, 3) . In the case of eukaryotic native small subunits, they were found to be associated with additional nonribosomal protein, up to 7 X 105 daltons per subunit (4), Met-tRNAf (5) and mRNA (6) . Recently, salt extracts from native small subunits of reticulocytes have been shown to result in initiation of polypeptide synthesis when added to a polypeptide-synthesizing system containing purified reticulocyte polysomes (7) .
In this paper we show that the native small ribosomal subunit isolated from rabbit reticulocytes can be used as a convenient source of initiation factors; together with large ribosomal subunits obtained by dissociation of rat liver polysomes by the puromycinzKCI procedure (8) and a pH 5 fraction obtained from a Krebs ascites cell high speed supernatant, they constitute a system that can translate globin messenger ribonucleoprotein (mRNP) more than 10 times.
METHODS
Translation of Reticulocytes from Anemic Rabbits. Rabbits were made anemic by consecutive injections of neutralized phenylhydrazine (9) . A few minutes before the blood was collected by heart puncture the rabbit was injected intravenously with 2 ml of cycloheximide (10 mg/ml). The same amount of cycloheximide was also present in the beaker into which up to 100 ml of blood was collected. All further operations were performed in the cold (2-4o). Washed reticulocytes were resuspended at a concentration of 1 ml of packed cells per 3.0 ml of lysis buffer: 10 mM Tris HCl (pH 7.5 at 20°)-10 mM KCI-1.5 mM MgCl2-2 mM dithiothreitol, and homogenized with one stroke in a Potter-Elvehjem homogenizer. The homogenate was adjusted to 100 mM KCl, 20 mM Tris -HC (pH 7.5), 3 mM MgCl2, and 2 mM dithiothreitol with a 10-fold concentrated solution and centrifuged for 10 min at 20,000 X gS.a Aliquots (8 ml) of the resulting postmitochondrial supernatant were centrifuged two or three times in a Spinco no. 40 rotor at 40,000 rpm. First there was a 30-min centrifugation, yielding a 30-min pellet and a 30-min S100, followed by a 2.5-hr centrifugation of the 30-min S100 to give a 2.5-hr pellet and a 2.5-hr S100; occasionally the 2.5-hr S100 was centrifuged once more for 12 hr to yield a 12-hr pellet and a 12-hr S100, or the 8-ml aliquot of the postmitochondrial supernatant was centrifuged only once for 3 hr to sediment the bulk of the ribosomes (referred to as total ribosomes). The pellets were kept frozen at -80°until used. The rationale for this centrifugation scheme was to separate the bulk of the polysomes, subsequently used for the preparation of mRNP from the bulk of the native subunits (see Fig. 1 ). Preparation of Native Small Subunits (SN). Pellets (2.5-hr) were resuspended in double distilled water to a concentration of 100-200 A260 units per ml; 50-100 A260 units were layered on 12.5 ml of 10-30% sucrose gradients in 100 mM KCl-20 mM triethanolamine HCO (pH 7.5 at 20°)-3 mM MgCl2-2 mM dithiothreitol. The gradients were centrifuged in an SB283 rotor of an IEC centrifuge for 3 hr at 39,000 rpm (190,000 X gav) The SN peak was collected and subsequently sedimented in a Spinco no. 40 rotor for 12 hr at 40,000 rpm.
The yield from 100 A260 units of a 2.5-hr pellet was approximately 5 A260 units of SN. The pellets could be stored frozen at -80°for at least a month without loss in activity.
Preparation of a pH 5 Fraction from a Krebs Ascites Cell High-Speed Supernatant. Fractionation of Krebs ascites cells grown in the peritoneal cavity of mice was identical to that described above for reticulocytes. A pH 5 fraction was prepared as described by Falvey and Staehelin (10) . In brief, a 2.5-hr S100 (see above) was diluted with 2 Fractionation of the sucrose gradients and recording of the optical density at 254 nm were as described (8) . 10 min at 1000 X gay. One-milliliter portions of this pH 5 fraction were stored frozen at -80°until used. The protein concentration in the pH 5 fraction varied from preparation to preparation between 6-8 mg/ml.
Preparation of large subunits (LY) from rat liver polysomes as well as globin mRNP from salt washed 30-min pellets was by the puromycin-KCl method as described previously (8, 11, 12) . Globin mRNA was prepared from globin mRNP by treatment with sodium dodecyl sulfate and subsequent gradient centrifugation (12) .
In Vitro Polypeptide Synthesis. ,ul of reaction mixture; the latter also contained SN (50 ,l = 0.307 A260 unit) and globin mRNP (10 IA = 0.013 A260 unit) or water. Fig. 1 shows the sedimentation profiles of these fractions in sucrose gradients. The bulk of the polysomes can be found in the 30-min pellet (Fig. 1B) , while the bulk of the native small subunit can be found in the 2.5-hr pellet ( Fig.  1C and E) . The 2.5-hr S100 is essentially free of ribosomes (Fig. iD) . The distribution between polysomes, monomers and native subunits in the total ribosome fraction is shown in Fig. 1A .
The isolated native small ribosomal subunits, together with the large ribosomal subunits derived from rat liver polysomes by the puromycin-KCl procedure and a pH 5 Fig. 4 (see Methods).
b There are 17.5 mol of leucine per mol of globin chain. c pmol leucine at the 30 min time point, minus pmol leucine at the 15-min time point, divided by 15. d This calculation is based on the assumption that the increase in cpm between the 15-min and 30-min time points is due to radioactivity released from the ribosomes, i.e., represents finished globin chains.
Other numbers used in calculations were: 0.01 A20o unit of globin mRNP = 1.75 pmol; 1.0 A26W unit of SN = 60 pmol.
trations of native small subunits, globin mRNP, or pH 5 fraction. Fig. 2 shows the time course of polypeptide synthesis when the concentration of native small subunits is varied in the presence of a constant amount of pH 5 fraction and in the absence or presence of a constant amount of globin mRNP.
There was polypeptide synthesis in the absence of added globin mRNP. This synthesis is due to messenger activity present in the SN fraction and increases linearly with increasing amounts of SN (see open symbols in Fig. 2) . Synthesis stimulated by globin mRNP also increases with increasing amounts of SN but reaches a plateau at a molar ratio of about 10.5 SN/glQbin mRNP (see Table 1 ). Replacement of native small subunits by small subunits derived from total reticulocyte ribosomes by puromycin-KCl (8) resulted in a loss of activity of the system (data not shown). tion of dithiothreitol, boiling at 1000 for 2 min, and cooling to room temperature. Two microliters of a 1.0 M solution of aiodoacetamide was added; incubation at room temperature was for at least 2 hr, with maintenance of the blue color of the sample by further addition of Tris base, if necessary. All of the material was used for electrophoresis, which was performed as described by Maizel (15) with a gel slab apparatus and a 10-20% acrylamide resolving gel (1 mm thick). After' electrophoresis the slabs 'were stained with 0.2% Coomassie blue in 50% methanol, 10% acetic acid, and destained in 20% methanol, 10% acetic acid. Gels were dried and exposed to medical x-ray film (Cronex 2cD, E. Horizontal arrows point to ac and q globin chains; vertical arrow points to a band with a mobility slower than that of the ,B chain of globin (see text).
The time course of polypeptide synthesis at various concentrations of added globin mRNP but constant amounts of SN and pH 5 fraction, is shown in Fig. 3 . Increasing amounts of added globin mRNP resulted in increased polypeptide synthesis. However, there was a leveling-off at higher mRNP concentrations.
Finally, the concentration of pH 5 fraction was varied, while the amount of SN and added globin mRNP was kept constant. It can be seen from Fig. 4 and Table 1 that both initial rates and final levels of synthesis stimulated by globin mRNP are linearly proportional to the amount of pH 5 fracperformance of this system. At the highest concentration of pH 5 fraction, globin mRNP was translated more than 10 times with initial rates of less than three minutes for the synthesis of 1 globin chain.
Since mRNP obtained by the puromycin-KCl method has been shown to consist of mRNA with two proteins attached to it (12, 14) , it was conceivable that the presence of protein on the globin mRNA has some modifying influence in our system. However, the results shown in Fig. 5 demonstrate that there was no significant difference between globin mRNP and globin mRNA. The slightly lower activity of the latter may have been the result of some degradation of the mRNA after the deproteinization of mRNP.
A product analysis from a few aliquots of the in vitro reaction mixture (see Fig. 4 ) was performed by electrophoresis in polyacrylamide gels and subsequent radioautography of the dried gels (Fig. 6) . The translation preducts of the endogenous messenger activity present in 5N are composed of two bands of equal specific activity (Fig. 6 , slot D, horizontal arrows). These two bands can be tentatively identified as the a and a chain of globin (the faster moving band corresponding to the a chain, the slower to the # chain), sincd authentic globin in the same gel also separates into two equally stained bands with identical mobilities. The translation products of added globin mRNP (Fig. 6 , slots A-C) are somewhat more complex. At lower translation rates (see Fig. 4 ) only the g chain band is visible (slot C) while at higher rates theya chain band is made also. In addition to the two globin bands there are some minor bands which, with the exception of one band (vertical arrow,'slot A), move faster. The radioactivity distribution between the faster moving bands, the two globin bands and the slower moving band in slot B was determined and found to be 15%/, 80%, and 5%, respectively. Since the faster moving bands may represent unfinished globin chains, as much as 95% of the synthesized products may represent completed globin chains and globin chain fragments.
DISCUSSION
Our system to translate globin mRNP, consisting of native small ribosomal subunits (SN) from reticulocytes, rat liver large ribosomal subunits, and a pH 5 fraction from Krebs ascites cell high-speed'supernatant, is similar to the reconstituted heterologous system described by Schreier and Staehelin (16 subunits from crude ribosomes as a first step may facilitate subsequent purification of initiation factors by eliminating most of the cellular proteins adsorbed to the bulk of the ribosomes. In support of this contention are our preliminary experiments in which polyacrylamide gel electrophoresis in sodium dodecyl sulfate of salt extracts from native small ribosomal subunits resulted in about ten distinct nonribosomal bands as compared to many more bands obtained from salt extracts of crude ribosomes (in preparation).
The choice of components for our reconstituted heterologous system was arbitrary and based on the demonstration by Schreier and Staehelin (16) that interspecies reconstitution is possible. Thus it should be possible to use large ribosomal subunits from other species. The pH 5 fraction of ascites cells was chosen because of its known low endogenous mRNA activity. Preliminary experiments indicate that native small ribosomal subunits from rat liver as well as from ascites cells can replace those of reticulocytes, indicating that they too contain initiation factors. However, they also contain mRNA activity, which due to its heterogeneity results in the production of many polypeptide chains, while the endogenous activity of SN from reticulocytes is restricted to two polypeptide chains. In the latter case the products of other exogenous mRNAs which may be translatable in this system could be distinguished more readily.
It should be noted that both the rate of synthesis and the number of translation cycles in our reconstituted system is still one order of magnitude less than those calculated for intact reticulocytes (17) or a reticulocyte lysate (18, 19) . However, the observed linear increase in these parameters as a function of the amount of added pH 5 fraction indicated that some factors other than the initiation factors contained in the native small ribosomal subunit are rate-limiting.
